1. The vegetation of semi-arid and arid landscapes is often comprised of mixtures of herbaceous and woody vegetation. Since the early 1900s, shifts from herbaceous to woody plant dominance, termed woody plant encroachment and widely regarded as a state change, have occurred world-wide. This shift presents challenges to the conservation of grassland and savanna ecosystems and to animal production in commercial ranching systems and pastoral societies. 2. Dryland management focused on cattle and sheep grazing has historically attempted to reduce the abundance of encroaching woody vegetation (hereafter, 'brush management') with the intent of reversing declines in forage production, stream flow or groundwater recharge. Here, we assess the known and potential consequences of brush management actions, both positive and negative, on a broader suite of ecosystem services, the scientific challenges to quantifying these services and the trade-offs among them. 3. Our synthesis suggests that despite considerable investments accompanying the application of brush management practices, the recovery of key ecosystem services may be short-lived or absent. However, in the absence of such interventions, those and other ecosystem services may be compromised, and the persistence of grassland and savanna ecosystem types and their endemic plants and animals threatened. 4. Addressing the challenges posed by woody plant encroachment will require integrated management systems using diverse theoretical principles to design the type, timing and spatial arrangement of initial management actions and follow-up treatments. These management activities will need to balance cultural traditions and preferences, socio-economic constraints and potentially competing land-use objectives. 5. Synthesis. Our ability to predict ecosystem responses to management aimed at recovering ecosystem services where grasslands and savannas have been invaded by native or exotic woody plants is limited for many attributes (e.g. primary production, land surface-atmosphere interactions, biodiversity conservation) and inconsistent for others (e.g. forage production, herbaceous diversity, water quality/quantity, soil erosion, carbon sequestration). The ecological community is challenged with generating robust information about the response of ecosystem services and their interactions if we are to position land managers and policymakers to make objective, science-based decisions regarding the many trade-offs and competing objectives for the conservation and dynamic management of grasslands and savannas.
Introduction
The vegetation of semi-arid and arid landscapes (hereafter 'drylands') is often comprised of varying mixtures of herbaceous and woody vegetation, and the abundance of these contrasting plant life forms is highly dynamic (Bond, Midgley & Woodward 2003) . Over the past 100 years or so, there has been a directional shift towards increased cover of woody vegetation in drylands world-wide (Naito & Cairns 2011) . This has been variously referred to as woody plant 'encroachment', 'thickening', 'invasion' and 'proliferation'. Drivers of change in grass-woody plant abundance are actively debated and centre around changes in climate, atmospheric [CO 2 ] and disturbance (e.g. grazing, fire) regimes (Archer, Schimel & Holland 1995; Sankaran, Ratnam & Hanan 2008; Buitenwerf et al. 2012) . These shifts from herbaceous to woody plant dominance are widely regarded as state changes exhibiting various ecological and socio-economic threshold behaviours (Staver, Archibald & Levin 2011; D'Odorico, Okin & Bestelmeyer 2012) .
Woody plant proliferation in drylands has long been of concern to managers in areas where the primary land use is cattle and sheep grazing (e.g. Fisher 1950) . The proliferation of woody plants in these grazing lands typically reduces the production of valued forage grasses (Scholes & Archer 1997) , while complicating animal handling and improving habitat for ectoparasites. Furthermore, and despite limited supporting evidence, woody plant encroachment has long been presumed to adversely affect stream flow and groundwater recharge. As a result, management of drylands used for cattle and sheep production has historically focused on reducing the amount of woody vegetation using a variety of technologies including mechanical treatments, herbicides, prescribed fire and biocontrol agents (Bovey 2001) . Known as 'brush management' (North and South America), 'woody weed management' (Australia) and 'bush clearing' (Africa), these practices may be applied singly, in combination or sequentially, and in the context of 'integrated brush management systems' (Hamilton et al. 2004; Paynter & Flanagan 2004; Noble & Walker 2006) . As a result, many regional dryland landscapes are complex mosaics of areas undergoing woody plant encroachment and areas subjected to, and transitioning from, past efforts to reduce woody cover (Asner et al. 2003; Browning & Archer 2011) .
A large and growing body of work on woody plant encroachment impacts on ecosystem services has been developing (Archer 2010; Barger et al. 2011; Eldridge et al. 2011) , but very little is known about how the post-encroachment management of woody vegetation influences those services. Here, we evaluate the extent to which interventions aimed at reducing the cover of proliferating woody vegetation (i) have effectively restored and subsequently sustained lost or altered ecosystem services (sensu lato Scholes et al. 2010) and (ii) are accompanied by trade-offs that might influence ecological and socio-economic decisions and priorities for dryland vegetation management.
Woody plant management and ecosystem services in grazed drylands
Drylands play an important role in global carbon, water and nitrogen cycles, and human well-being (Campbell & Stafford Smith 2000) . Their extensive airsheds and watersheds provide habitat for game and non-game wildlife and a variety of ecosystem goods and services important to both local and distant settlements and cities. As such, they have considerable multidimensional value. A key component of dryland ecosystem management is maintaining the proportions of herbaceous and woody plants within a range that satisfies a given set of objectives and values, some of which may be conflicting (e.g. wildlife versus livestock, Du Toit, Kock & Deutsch 2010; Augustine et al. 2011) .
Perspectives on woody plants in drylands vary widely depending on cultural preferences and land-use goals and objectives (Eldridge et al. 2011) . In many regions of the world, woody plants are valued as a source of food (e.g. honey, fruits, seeds), fuel, charcoal, construction materials and as an important source of fodder for browsing livestock (e.g. goats, camels) and wildlife (e.g. Le Hou erou 1980; Reid, Marroqu ın & Beyer-M€ unzel 1990; Reid & Ellis 1995) . Additionally, there is growing recognition that woody plants on drylands can provide products with potential commercial (e.g. gums, resins) or medicinal value. However, where grazing by cattle and sheep has been the primary land use, woody plants have typically been viewed as pests. Although this view has been challenged (e.g. McKell 1977) , it is pervasive and is the prevailing motivation for brush management. While this paper focuses on brush management, contrasting perspectives on the roles of woody plants provide a broader context in which to view their ecological and utilitarian importance on drylands.
This paper is biased in that it is narrowly focused on evaluating the ecological consequences of 'brush management' as it is typically applied on drylands where cattle/sheep grazing in commercial ranching or pastoral settings is the predominant land use or where management of wildlife grazers is a land-use objective (e.g. Ben-Shaher 1992; Isaacs, Somers & Dalerum 2013) . Research on the consequences of this management practice has had a fairly narrow focus (Table 1) . The extent to which the traditional goals associated with brush Table 1 . Proportion of brush management studies quantifying various categories of treatment effects. Published papers resulting from Web of Knowledge search strings that included 'brush management' and terms referring to specific brush management methods resulted in a database of 1350 papers that were distilled to a database of 364 papers reporting quantitative responses. These were then classified into the categories shown, where efficacy refers to the effectiveness of a brush management treatment in removing/killing target shrubs, where herbaceous/woody/faunal/soil property/water response refers to changes in ecosystem characteristics after treatment, where economics refers to studies providing monetary estimate of brush management cost-benefit and where modelling includes studies simulating responses to brush management. Papers reporting data for multiple metrics were tallied in multiple categories, but the total was not adjusted in percentage calculations. Thus, the management have been realized (e.g. increased forage production) or the extent to which other factors (e.g. carbon sequestration, biodiversity conservation) may be affected has not been synthesized. By examining 'brush management' within the broader context of ecosystem services ( Fig. 1) , we aim to identify priority areas for ecological research and put this land management practice into a broader, multifaceted framework that would be a first step towards objectively evaluating suites of trade-offs associated with changes in woody plant abundance on drylands (e.g. Eldridge et al. 2011) .
Forage production
The cover and biomass of herbaceous vegetation valued for cattle and sheep forage typically declines as woody plant cover and basal area increase (Scholes & Archer 1997) . These woody plant-driven declines in cattle and sheep carrying capacity have traditionally been the impetus for brush management, with the expectation that reductions in tree or shrub cover would enable the recovery of lost herbaceous production. To determine the extent to which this expectation is met, we conducted a Web of Knowledge survey of refereed journal papers using search strings that included 'brush management' and terms referring to specific brush management methods (see Appendix S1 in Supporting Information for search strings and summaries). We found that this expectation was met in 64% of the papers emerging from our search. Peak responses occurred in the 300-700 mm mean annual precipitation (MAP) range (Fig. 2) . We expected the herbaceous production response would be low in the more arid climate zones, but were surprised by the poor response in high rainfall zones. Furthermore, it was not uncommon for production to remain unchanged, or even decrease, following brush management across the full spectrum of MAP. Our survey suggests the upper limit of herbaceous production responses that might be expected for a given rainfall zone. The herbaceous production response standardized for annual rainfall varied with time since treatment (Fig. 3 ). The median first year response was zero (no change) and highly variable, with half of the treated sites responding positively and half negatively. By year two, the median response was slightly positive, but also highly variable. After year two, the response became more consistent and peaked in year five. The response then dropped off in years six and seven, being slightly, but consistently positive. The decline in herbaceous production with time since treatment ostensibly reflects changes in resource availability and the re-establishment of woody vegetation, either via vegetative regeneration (brush management treatments may 'top kill' the woody vegetation, but fail to cause whole-plant mortality), or from seed. Retreatment of communities is therefore necessary to maintain longterm herbaceous production and low woody plant cover.
Recognition of the need for follow-up treatments has been the basis for the development of 'integrated brush management systems' that take into account the type and timing of initial brush management actions while also considering the type and timing of follow-up treatments (Hamilton et al. 2004; Paynter & Flanagan 2004; Noble & Walker 2006) . These considerations are important in assessing long-term cost-benefits (e.g. Torell, McDaniel & Ochoa 2005a ). The conceptual model in Fig. 4 represents the kinds of ecological data that will be needed to evaluate the feasibility and sustainability of brush management practices from a forage production standpoint. The functions in this model will vary with climate, soils and disturbance history (e.g. McDaniel, Torell & Ochoa 2005) , but the information needed to develop them is not generally available. Furthermore, there have been relatively few studies quantifying how changes in forage production actually translate into livestock production or economic benefit (Table 1) .
Brush management may help balance livestock production services with other supporting and regulating services if it enables reductions in grazing pressure without forcing major herd reductions (Torell, McDaniel & Ochoa 2005a Fig. 1 . Potential outcomes of woody plant encroachment (WPE) and associated 'brush management' activities conducted in drylands where grazing by sheep and cattle is the primary land use. WPE variables marked with '*' have been reviewed in detail by Eldridge et al. (2011) and for ecosystem organic carbon by Barger et al. (2011) . In this paper, we focus on brush management effects and provide additional information on other potential WPE effects. Symbols in boxes denote potential decreases (À), increases or improvements (+), mixed, context-dependent results (À\+) or insufficient information (?).
analyses suggest that returns based solely on improvements in animal performance may not be economically justified, especially when external subsidies are not available (Lee et al. 2001; Torell et al. 2005b; Tanaka, Brunson & Torell 2011) . Full and explicit consideration of other ecosystem services may, however, change the cost-benefit assessment. Herbicide (3) Fire (6) Mechanical (9) Multiple treatments (2) Herbicide (3) Fire (6) Mechanical (9) Multiple treatments (2) Herbicide (3) Fire (4) Mechanical (9) Multiple treatments (2) Herbaceous biomass change (kg ha -1 ) Herbaceous biomass change (kg ha -1 ) Fig. 2 . Changes in herbaceous biomass production (kg ha À1 ) one, two and three years after brush management as a function of current years' annual precipitation (PPT, mm) in arid and semi-arid regions (precipitation < 1000 mm year À1 ). Multiple observations for a given PPT value reflect multiple sites or different brush management methods. A data set of 1350 published papers resulting from Web of Knowledge search strings that included 'brush management' and terms referring to specific brush management methods were distilled to a database of 59 papers that directly measured changes in herbaceous production after brush management. Of those 59, 18 papers provided mean changes in production with error on both control and treatment sites. PPT was determined from nearby weather stations if not reported. The number of studies pertaining to a given brush management method is listed parenthetically in the key. Papers generating the data in the graphs are listed in Appendix S1.
S U P P O R T I N G S E R V I C E S

Primary production
A recent literature syntheses indicates above-ground NPP (woody + herbaceous) may increase, decrease or remain unchanged following woody plant encroachment (39, 42 and 19%, respectively, of the studies reviewed by Eldridge et al.
2011
). North American studies suggest ANPP will decline in arid regions (mean annual precipitation, MAP < 340 mm), but increase in semi-arid and subhumid bioclimatic zones (MAP > 340 mm), with the magnitude of ANPP change increasing linearly with mean annual precipitation (Knapp et al. 2008; Barger et al. 2011) . Impacts on below-ground NPP are unknown, and our knowledge of root production and turnover in dryland woody plants lags far behind that of grasses.
Although herbaceous production responses to brush management have been documented (Table 1 and Figs 2 and 3) , the post-treatment responses of woody plants ( Fig. 4 ) are largely confined to estimates of canopy cover or density. As a result, little is known about how ecosystem (herbaceous + woody) above-ground NPP changes following brush management. Hughes et al. (2006) quantified annual ANPP on stands recovering from brush management on clay loam sites in a 665-mm annual rainfall zone and found that above-ground woody plant C and N mass increased linearly and that ecosystem ANPP increased logarithmically after treatments. As shrubs re-established, their ANPP more than offset declines in herbaceous ANPP, resulting in a net 20% increase. Increases in biomass and ANPP also occurred on shallow clay sites, but were less pronounced.
The data discussed above suggest brush management may have neutral to positive impacts on ANPP in bioclimatic zones where woody plant productivity is comparable to, or greater than, that of the grasses they are replacing. It is also possible that in these settings, brush management activities may keep stands of encroaching woody vegetation in a relatively productive state (e.g. via promoting the replacement of older, slower-growing plants with younger, more actively growing plants and by reducing the intensity of densitydependent interactions) and thus forestall declines in ANPP Whiskers indicate the maximum and minimum values or the values within 1.5 9 IQR of the third and first quartiles, respectively. Values beyond 1.5 9 IQR of the 1st and 3rd quartiles were considered statistical outliers and are indicated with open circles. N = 9, 7, 4, 1, 1, 1 and 0 for years one through seven, respectively. Papers generating the data in the graph are listed in Appendix S1. Fig. 4 . Generalized conceptual model of herbaceous response to brush management. The lag time in response (t 1 À t 2 ), the magnitude of (p 1 À p 2 ) and time to peak herbaceous response (t 1 À t 3 ), the duration of peak elevated production response (t 3 À t 4 ) and the time frame over which herbaceous productions declines as shrubs re-establish (t 4 onward) varies with numerous factors. Knowledge of the relationships depicted in this conceptual model for a given ecological site will help determine the type, timing and appropriate sequencing of brush management practices in an integrated brush management systems (IBMS) approach.
that might occur at latter stages of stand development. In more arid systems where encroachment by xerophytic shrubs reduces ANPP (Knapp et al. 2008; Barger et al. 2011) , ANPP recovery via brush management will depend upon the extent to which more productive mesophytic grasses can re-establish and persist (Figs 2 and 3 ).
Habitat and biodiversity conservation
Vascular plant richness may increase, decrease or be unaffected by woody plant encroachment (31%, 37% and 32% of studies, respectively, Eldridge et al. 2011 ). However, North American grasslands exhibit consistent (29 of 29 studies) and strong (45% on average) reductions in plant species richness with shrub encroachment, perhaps reflecting greater levels of anthropogenic disturbance (Ratajczak, Nippert & Collins 2011) . In extreme cases, encroaching woody plants may form virtual plant community monocultures (Archer 2010) . Brush management has the potential to reverse declines in herbaceous plant richness, but also to exacerbate it, particularly in tree-dominated drylands (Fig. 5 ). The herbaceous diversity response to brush management is influenced by a variety of local site factors (e.g. Kunst et al. 2012) . In cases where herbaceous diversity was enhanced by brush management, the results were relatively short-lived (< 6 years) and on the order of those observed for biomass responses (Fig. 3) .
Woody plant diversity can also be influenced by brush management. For example, in subtropical systems characterized by a diverse flora of encroaching woody plants, communities developing after brush management have lower shrub diversity and higher densities of less desirable browse species than the treated community (Fulbright & Beasom 1987; Ruthven et al. 1993) . In systems where shrubs regenerate vegetatively, use of low intensity fire and herbicides can promote a savanna physiognomy (Ansley, Kramp & Moore 1997; Ansley, Kramp & Jones 2003 ) and ostensibly promote diversity.
As with plant richness, vertebrate richness may also increase, decrease or remain unchanged with woody plant encroachment (29%, 15% and 56% of studies, respectively, Eldridge et al. 2011) . Faunal diversity response to brush The number of studies pertaining to a given type of brush treatment is listed parenthetically in the key. Alternating grey-white panels define years. Data points are slightly displaced within years for clarity. Panel (a) shows data from non-forested drylands. Inset is a figure showing results greater than 10 years after brush management. Panel (b) shows data from self-reported forested drylands. A data set of 1350 published papers resulting from Web of Knowledge search strings that included 'brush management' and terms referring to specific brush management methods were distilled to a database of 46 papers that directly measured changes in herbaceous diversity. Of those 46, 30 papers provided mean changes in diversity (richness or Shannon diversity) with error on both control and treatment sites. Papers generating the data in the graphs are listed in Appendix S1. management varies with the organisms of interest. Jones et al. (2000) reported that the relative total abundance and species richness of herpetofauna was similar among a variety of brush management treatments, that amphibians were most abundant in untreated and herbicide-only sites, that lizards were most abundant on untreated sites and that snakes were most abundant on sites receiving herbicide and fire. Brush management has been reported as having little influence on rodent and avian occurrence richness (Nolte & Fulbright 1997; Peterson 1997) , with abundance of small mammals and herpetofauna perhaps varying more with annual rainfall than with brush management per se (Fulbright et al. 2013) .
Brush management also has the potential to create conditions favourable for herbaceous weeds and invasive, nonnative species (Young, Evans & Rimby 1985; Bates, Miller & Svejcar 2007 ) that can adversely affect biodiversity and habitat quality. In addition, seeding operations intended to accelerate establishment of groundcover and development of a livestock forage base may be conducted in conjunction with brush management and may use non-native perennials (Hardegree et al. 2011) . While this may be valued for livestock production and ground cover, these plants may represent threats to the biodiversity of native organisms (Williams & Baruch 2000; Schussman et al. 2006) . Their unintended spread into areas beyond where they were planted may make it difficult to achieve goals on nearby lands. Thus, there are clear tradeoffs in habitat and biodiversity conservation that should be explicitly considered and evaluated when considering brush management options.
Historically, brush management treatments were often applied 'wall to wall'. However, treatments can be targeted for certain portions of a landscape and distributed across landscapes in both time and space, such that mosaics of vegetation structures, patch sizes, shapes and age states are created (Scifres et al. 1988; Fulbright 1996) . This ostensibly accommodates suites of insect, reptile, mammalian and avian species with diverse habitat requirements (Jones et al. 2000) . Thus, a low diversity shrubland or woodland developing on a grassland site can be transformed into a diverse patchwork of grassland-savanna-shrubland-woodland communities that promotes diversity at multiple scales (Fuhlendorf et al. 2010) .
Wildlife habitat/biodiversity conservation effects of woody plant encroachment (Eldridge et al. 2011 ) and brush management (e.g. Kazmaier, Hellgren & Ruthven 2001 ) vary among taxa and functional groups, but as woody plant cover increases and habitat characteristics continue to shift, shrubland-/woodland-adapted species will become favoured over grassland-adapted species. Numerical richness may be maintained or enhanced if the displacement of grassland obligate species is more than offset by the arrival of new species preferring shrub or woodland habitat. However, from a physiognomic perspective, woody plant encroachment represents a net loss of grassland and savanna ecosystem types and, potentially, the plants and animals endemic to them (e.g. Bond & Parr 2010) . Brush management may therefore be an important biodiversity and ecosystem conservation tool for maintaining the existence of grassland and savanna ecosystems in the face of anthropogenic land-use pressures.
R E G U L A T I N G S E R V I C E S
Carbon sequestration
The enhanced productivities accompanying woody plant encroachment in some bioclimatic zones (see 'Primary production') can translate into increases in the above-ground carbon pool that can range from 300 to 44 000 kg C ha À1 in < 60 years of woody encroachment. However, these gains will be substantially and rapidly offset by reductions in aboveground standing woody biomass that follow brush management (Asner et al. 2003) . The net sequestration potential on a regional scale will depend on the areal extent of lands undergoing encroachment, the areal extent of lands experiencing and recovering from brush management and the rate and magnitude of woody biomass incorporation into soil organic carbon pools relative to losses associated with microbial respiration.
Changes in soil organic carbon (SOC) accompanying the conversion of grasslands to shrublands or woodlands range from positive to neutral to negative (Barger et al. 2011; Eldridge et al. 2011) . Shrub-induced enhancements in SOC that have been recorded in many systems (e.g. 'fertile islands') may be an important factor underlying the pattern and extent to which herbaceous vegetation production increases following brush management. Alternatively, fluvial or aeolian nutrient translocation away from 'shrub islands' following brush management may help reinstate a more homogeneous distribution of resources by disrupting the processes that lead to the concentration of nutrients in and around shrub canopies (e.g. Ravi et al. 2009a ). In these instances, the likelihood of getting grasses re-established within intershrub zones may improve (Perkins, McDaniel & Ulery 2006) . Site-specific factors may dictate which of these scenarios is most likely on a given landscape.
Non-native species invading or purposely seeded following brush management could also significantly impact carbon sequestration. Alteration of wildfire regimes subsequent to the establishment of exotic annual grasses in cold deserts has the potential to offset carbon accumulations associated with woody encroachment that have occurred over the last century (Bradley et al. 2006 ) and adversely affects ecosystem services related to forage production, primary production, soil fertility and erosion (Ravi et al. 2009b ). However, this scenario may be quite different in other drylands where highly productive, deeply rooted non-native perennial grasses have been widely planted and are spreading (Williams & Baruch 2000; Franklin et al. 2006; Grice 2006) .
Brush management effects on SOC pools in shrubencroached grasslands have seldom been quantified. SOC of soils associated with skeletons of shrubs killed by herbicide in the 1960s was substantially lower than that of soils associated with present-day live shrubs ). Experiments at the scale of individual shrubs also indicate that losses of SOC can be substantial following removal of shrubs, but arrested and subsequently off-set if shrubs are allowed to re-establish Tiedemann & Lopez 2004) . Stand-level studies suggest brush management effects have neutral (Teague et al. 1999; Hughes et al. 2006) to negative (Daryanto, Eldridge & Throop 2013 ) impacts on SOC levels.
Grass and woody plant root biomass are concentrated in the upper soils, but the roots of woody plants typically extend to deeper depths than those of grasses Jackson et al. 1996) . As such, they are likely translocating more carbon to depths where decomposition rates are lower. The effects of brush management on woody plant roots are not known. Clipping studies of shrub seedlings suggest that when above-ground portions of the plant are removed, root survival, growth and development are adversely affected (Weltzin, Archer & Heitschmidt 1998) , akin to what has been widely reported for defoliated grasses. Brush management activities thus have the potential to impact root inputs into the SOC pool. The extent to which shrub coarse and fine lateral and taproots are impacted by brush management is unknown. If plants can vegetatively regenerate, impacts may be relatively small and short term, but if plants are killed, substantial amounts of carbon could enter the detrital pool with significant amounts at depths where decomposition rates are potentially very low.
Brush management modifies both the above-and belowground carbon pools, but there are few estimates of the resulting net changes over time (e.g. how gains/losses in the above-ground pool are balanced by gains/losses from the below-ground pool). Hughes et al. (2006) , using a space-fortime substitution approach, found that above-ground biomass steadily recovered over decadal time-scales following brush management with no changes in SOC in the upper 20 cm of the soil profile. Daryanto, Eldridge & Throop (2013) found that shrub removal significantly reduced SOC pools (to 30-cm depths), but that these declines were compensated for, in part, by enhanced above-ground C accumulation derived mainly from re-establishing woody plants.
Brush management effects on carbon pools, biogeochemical cycles and herbaceous production (Figs 2-4) will vary depending on the type of soil disturbances caused, treatment efficacy and the extent to which they co-occur with other land-use practices such as livestock grazing (e.g. Ansley & Castellano 2006; Daryanto & Eldridge 2010) . To further complicate matters, different brush management treatments may be applied in combination or sequentially. Treatments that minimally disturb soils (e.g. herbicide applications and prescribed burning) may have one set of effects, whereas those characterized by extensive physical disturbance to the soil surface (e.g. root plowing, grubbing, chaining) would be expected to have quite different effects. In the case of herbicide applications, woody skeletons may remain long after treatments are imposed, whereas coarse woody debris may be partially or fully combusted by prescribed burns, masticated and left on the soil surface by mechanical shredding operations, or 'pushed and stacked' into piles or windrows that may or may not be burned following chaining or cutting operations. These various practices likely have a variety of short-and long-term direct and indirect effects on decomposition processes via their alteration of surface roughness, water infiltration and run-off, ground cover and ANPP, and by initiating large, synchronous inputs of leaf, stem and coarse woody debris onto the soil surface with widely varying degrees of contact and incorporation into the soil. Different brush management treatments will also variously influence the degree of exposure to direct sunlight and UV radiation and differentially influence soil movement via wind and water, particularly during the immediate post-treatment period when vegetation is re-establishing. These combined effects are likely to have substantial (Barnes et al. 2015) , but largely unknown, impacts on decomposition processes.
The information reviewed above suggests that brush management effects on SOC pools, like that of woody plant encroachment, can vary in both sign and magnitude. The direction and extent of change may depend on the properties of the species or functional groups involved, the antecedent SOC status and the extent to which erosion forces are at play. Furthermore, 'brush management' is a broad catch-all for divergent classes and combinations of techniques (mechanical, chemical, pyric) . Distinguishing among these is likely important. Predicting and modelling changes in soil carbon and nutrient pools following 'brush management' will likely require a better understanding of how these co-occurring factors influence biogeochemical processes and drivers.
Energy exchange and land-atmosphere interactions
Climate and atmospheric chemistry are directly and indirectly influenced by land cover via biophysical and biogeochemical aspects of land surface-atmosphere interactions (Settele et al. 2014) . Woody plant encroachment and brush management have the potential to alter these conditions, but this has not been well studied. Increases in C and N pools that occur when woody plants proliferate in drylands may be accompanied by increases in trace gas (McCulley et al. 2004; Sponseller 2007; McLain, Martins & McClaran 2008) and non-methane hydrocarbons emissions (Klinger et al. 1998; Guenther et al. 1999; Geron et al. 2006; Jardine et al. 2010 ), but the extent to which these may be offset by brush management is unknown.
Changes in vegetation height and patchiness accompanying grass-woody plant transitions would affect boundary layer conditions and aerodynamic roughness; changes in leaf area and rooting depth would alter inputs of water vapour via transpiration; and changes in fractional ground cover, phenology and leaf habit (e.g. evergreen versus deciduous) would alter albedo and soil temperature, thus influencing evaporation and latent and sensible heat exchange. Model simulations indicate that declines in surface albedo accompanying woody plant proliferation can increase temperature and precipitation, with the amount of change increasing with increases in woody plant cover (Ge & Zou 2013) . Other simulations suggest woody plant effects will vary with evergreen versus deciduous species (Beltran-Przekurat et al. 2008) . Evidence from clearing studies suggests decreases in woody plant cover can potentially influence evapotranspiration, the incidence of convective storms and cloud formation (Jackson et al. 2007) . Model simulations in tropical savannas indicate clearing of woody vegetation could increase mean surface air temperatures and wind speeds, decrease precipitation and humidity, and increase in the frequency of dry periods within the wet season (Hoffman & Jackson 2000) . If brush management were to shift the composition of woody species to those that are low hydrocarbon emitters or result in the replacement of woody plant emitters with herbaceous non-emitters, it would have desirable influence on tropospheric chemistry. Thus, while information is sparse, there are indications that woody plant encroachment and brush management can influence land surface-atmosphere interactions via influences on evapotranspiration, trace gas and hydrocarbon emissions, albedo and boundary layer conditions.
Water quality and quantity
Woody plant proliferation has a variety of impacts on water resources (Huxman et al. 2005; Peters, Archer et al. 2013) . It is widely believed that shrub encroachment reduces stream flow and groundwater recharge, increases erosion and surface run-off, and that brush management can reverse these trends. In cases where rigorous measurements and evaluations have been undertaken, it appears that past estimates of water savings associated with brush management may have been overestimated (Dugas, Hicks & Wright 1998; Owens & Moore 2007) and that brush management may not be achieving desired outcomes with respect to water yield (Wilcox & Thurow 2006) . In systems characterized by winter rainfall, there is evidence that stream flow increases when woody cover is reduced (Hibbert 1983) . However, in other semi-arid environments, the effects of shrub removal on stream flow vary depending on the traits of the woody plants, climate, soil type and geomorphology (Thurow & Hester 1997; and are not long-lasting (Sturges 1994) . There may be little potential for increasing stream flow where annual precipitation is < 500 mm (Wilcox 2002; Wilcox et al. 2005) .
Increased run-off and erosion are most often observed with shrub encroachment in arid systems where ground cover is sparse or where soils are prone to surface sealing (Schlesinger, Ward & Anderson 2000; Mueller, Wainwright & Parsons 2008) . Although brush management has been shown to reduce erosion and increase infiltration in some drylands (Pierson et al. 2007 ), it has not done so in others (Wood, Garcia & Tromble 1991) . Herbaceous ground cover, soil properties, brush management method (e.g. extent of mechanical impacts to the soil surface and patterns of woody debris distribution) strongly influence water and soil retention or loss (Hastings, Smith & Jacobs 2003; Daryanto & Eldridge 2010) . As a result, broad and robust generalizations are not yet possible.
Air quality
Changes in vegetation structure accompanying woody plant encroachment alter near-surface air flow turbulence and wake interference to create conditions favouring aeolian sediment transport (Breshears et al. 2009 ). Accordingly, the conversion of grasslands to shrublands in arid bioclimatic zones with sandy soils has markedly increased levels of wind erosion and dust production in North America (Okin, Gillette & Herrick 2006; Li et al. 2007; and elsewhere (Bhattachan et al. 2014) with potential implications for human health (e.g. Mohamed & El Bassouni 2007) . The extent to which brush management arrests or reverses dust production has not been documented, but will presumably depend upon the extent to which herbaceous ground cover can be re-established and maintained and how various brush management methods influence soil surface properties and stability.
Pests and pathogens
Human and livestock health issues related to woody plant encroachment may occur to the extent that new habitats provide microclimate, shelter or nutrient resources favouring an increase in the abundance of insects, arthropods and rodents that serve as hosts or vectors for pathogens (e.g. Hantavirus by rodents, Lyme disease by ticks). Tick-borne diseases of cattle are widespread in the world and are of significant health and economic concern (de Le on et al. 2012). Woody plant encroachment provides habitat more suitable to tick survival population growth than that of grasslands (Corson, Teel & Grant 2004) , with woody patches on landscapes serving as sources of ticks in open patches (Teel et al. 1997) . Accordingly, brush management could be a potentially important component of integrated pest/pathogen management schemes (e.g. Tatchell 1992) that could decrease the incidence and spread diseases while concurrently promoting other services.
Wildfire management
Brush management is increasingly being applied in shrubland and woodland settings to reduce fire risk or create fuel breaks (Davies et al. 2009 ). Brush management alters fuel characteristics and influences fire behaviour (Kane, Varner & Knapp 2009 ). However, while brush management can effectively reduce the height, mass and continuity of ladder or canopy fuels, it may also promote the production and continuity of fine surface fuels (e.g. grasses) and thus promote fire risk. Under these circumstances, livestock grazing may then come into play as a fuels management tool.
Concluding remarks
Consistent with the prevailing theory that transitions from grassland or savanna to shrubland or woodland represent ecosystem state changes, our synthesis suggests that restoration of prior states is difficult to achieve. Despite the considerable investments in personnel, equipment, fuel, chemicals, etc., associated with the application of various brush management practices, the recovery of key ecosystem services may not occur or may be short-lived and require subsequent interventions. Furthermore, brush management restorations are likely What are watershed versus regional scale benefits of BM to water quality and quantity?
hysteretic, occurring through different pathways than those generating the initial state change and reflecting altered functional interactions between soils, plants animals and the atmosphere. Drylands prone to woody plant proliferation present a novel series of dilemmas, challenges and opportunities for mitigation. For example, the fact that woody plant proliferation can promote ecosystem primary production and carbon sequestration under some circumstances may trigger new land-use drivers for biofuel production (Park et al. 2012) or as industries seek opportunities to offset CO 2 emissions. Woody plant proliferation in grasslands and savannas traditionally managed for cattle and sheep grazing may therefore shift from being an economic liability to a source of income and economic diversification. However, under this scenario, grasslands and savannas and the plants and animals endemic to them would be at risk and hydrology, tropospheric chemistry and meteorology altered. At present, our ability to evaluate and weigh these trade-offs, and their potentially synergistic interactions, is limited owing to variable and often conflicting results or to a paucity of information (Table 2) . These ecosystem science challenges are magnified when placed in the human dimen-sion context of cultural traditions, stakeholder preferences and priorities, market externalities and climate change.
Sustainability has ecological, social and economic components, and woody plant encroachment into drylands affects all three. Where the prevailing land use is cattle and sheep grazing, land managers often seek to reduce woody plant cover as a means of maintaining or promoting livestock production. Within this context, the scientific community is challenged with ascertaining the settings and conditions under which grass-to-woody state transitions are most likely to occur, the spatial location and point(s) in time at which interventions might be most likely to achieve the outcomes desired for a given set of management or policy goals, and the combination and time-series of intervention methods that are most likely to effect desired changes within socio-economic constraints. However, the management of woody-herbaceous mixtures extends well beyond the traditional concerns of livestock production to include potential effects on a variety of other ecosystem services (Fig. 1) . The scientific community is challenged with quantifying and monitoring the concomitant impacts of woody plant encroachment and brush management so that trade-offs (e.g. Nelson et al. 2009 6 . A conceptual framework showing ecosystem state transitions associated with shrub encroachment and subsequent brush management (BM). Management and ecological drivers interact to transition land parcels among ecosystem states (s n ) over time (white arrows). The impetus to prescribe BM treatments in grazed drylands is most often motivated by concerns about livestock grazing, water conservation, grassland conservation or recreation that constitute classes of 'drivers' (columns in the expanded management priorities box). The relative importance of these drivers will vary with values and land-use objectives (e.g. livestock grazing may be primary driver in some circumstances; grassland conservation the primary driver in other circumstances; where 'multiple use' is a mandate, a balance among drivers would be needed). Examples of classes of socio-economic, ecological, and site response variables relevant to the decision to implement BM treatments are listed (rows in expanded management priorities box). In a given s n , each response variable would be assigned a priority ranking for a given BM driver (in this example, '1', '2', '3' for primary, secondary, tertiary). The performance of response variables would be monitored in an adaptive management context within that state (black arrows) to either maintain it or promote its transition to an alternate state better aligned to management priorities. As environmental conditions, management goals or ecosystem states change, priority rankings among drivers (columns) and response variables (rows) would then be revised. This framework would be embedded within an integrated brush management systems context (grey box, Scifres 1987; Paynter & Flanagan 2004; Noble & Walker 2006; Kunst et al. 2012; Sheley et al. 2010) . The science community is challenged with providing the information needed to quantify response variables such that weighting factors and rankings can be developed and trade-offs evaluated (e.g. Fig. 1 and Table 2 ). evaluated at spatial and temporal scales relevant to land management and policy. Eldridge et al. (2011) present a framework for characterizing and evaluating the diverse array of woody plant encroachment effects based on human use preferences, woody plant traits and abiotic contingencies. An important next step would be to place 'brush management' effects within this framework, so as to provide a comprehensive perspective on the environmental consequences of changes in woody plant abundancedecreases as well as increaseson drylands (Fig. 6 ). Elaboration of this framework will position the management community to devise approaches for creating or maintaining woody-herbaceous mixtures in arrangements that satisfy competing land-use and conservation objectives and to identify and objectively define best management practices within constraints imposed by climate and soils.
